The objective of this project is to use a combination of travel-time and surface wave tomography to obtain compressional and shear wave velocity distributions in the crust and upper mantle under China and surrounding areas.
OBJECTIVES
The primary goal of this project is to obtain compressional and shear wave velocity distributions in the crust and upper mantle under China and surrounding areas using a combination of travel-time and surface wave tomography. The first phase of the study is directed at producing a P wave velocity model based on travel-time tomography.
RESEARCH ACCOMPLISHED Introduction
In this paper we present a 3-D shear wave velocity structure for the crust and upper mantle under China and surrounding regions obtained using local and regional travel-times and surface waves.
The available S wave velocity models of the crust and upper mantle in China and the surrounding area have been obtained using different approaches. Global models such as CUB 1.0 (Shapiro and Ritzwoller, 2002) and the SAIC 1° x 1° model (Stevens et al., 2001) were constructed from group and phase velocity dispersion measurements of surface waves. The global model CRUST 2.0 (Laske et al., 2001) was constructed from seismic refraction data and developed from the CRUST 5.1 model (Mooney, 1998 ) and a 1° x 1° sediment map (Laske and Masters, 1997) . Only P wave velocities are inverted by travel-time tomography. The S wave velocities in the model are obtained by empirical Vp/Vs ratios or compiled from other sources. For East Asia, mantle S velocity models were obtained from shear and surface waveforms (Friederich, 2003) . Lateral spatial resolution of the models is larger than 200 km.
Regional models were constructed by Sn and/or Pn tomography Hearn and Ni, 2001; Pei et al., 2004) and from surface waves (Wu et al., 1997, Lebedev and Nolet, 2003; Huang et al., 2002; Song et al. 1991; Zhu et al., 2002) . P and S wave tomography have been performed in several local regions in China (Xu et al., 2002; Huang et al., 2002; Yu et al., 2003; Huang and Zhao, 2004; ) . Xu et al. (2002) used P and S wave arrival times of local, regional and teleseismic events recorded by Chinese and Kyrgyzstan seismic networks to derive crust and upper mantle velocity structures beneath western China. The grid spacing is 1.5° x 1.5° in the horizontal direction and about 10 km (in the crust) and 50 km (in uppermost mantle) in the vertical direction. Crustal structure models beneath north and east China, including Beijing and surrounding regions, were obtained by Zhu et al. (1990) , Yu et al. (2003) and Huang and Zhao (2004) with a P and S wave tomography. Huang et al. (2002) inverted the lithospheric structure in southwest China from local/regional travel-time data. A number of studies carried out in the Tien Shan (Roecker et al., 1993; Poupinet et al., 2002; Vinnik et al., 2002 Vinnik et al., , 2004 and Hindukush (Koulakov and Sobolev, 2006) regions, that include parts of western China, show heterogeneous crust/upper mantle structures with crustal thickness varying between 40 and 70 km. All these models provide detailed crustal structures in specific regions. A detailed map for the whole China area remains to be developed.
During the last two decades, many digital seismic stations were installed in China. The large database of high-quality recorded arrival times provides an unprecedented opportunity to determine a detailed 3-D crustal structure under the region. Using these data, Sun and Toksöz (2006) derived a 3-D P wave velocity structure for the crust and uppermost mantle. In the present work, we use the tomographic constraint from the P wave study along with the S wave travel times to determine a 3-D shear wave velocity structure of the crust and upper mantle under this region.
Data and Method
For this work, we selected shear wave arrival time data from the Annual Bulletin of Chinese Earthquakes (ABCE) (IG-CSB, 1990 . In this database there are 25,000 earthquakes, 220 stations, and 450,000 S wave ray paths in China and the surrounding areas in the January 1990 to December 2002 time period. Figure 1 shows earthquake epicenters and stations in China. The selection of earthquakes is based on the following criteria: (1) events that occurred in the study area with magnitudes greater than M 3.0 (except for the northwest area with less seismicity, where we included earthquakes with M 2.5-3.0); (2) all selected events were recorded by at least 15 stations; and (3) earthquakes were selected to provide a uniform distribution of hypocenters in the study area. With these criteria, 262,000 S wave arrival times from 12,215 earthquakes were selected to determine the S wave velocity structure. The reading accuracy of S wave arrival times is, in general, 0.1-0.4 s. Figure 1 shows the epicentral distribution of the 12,215 selected earthquakes. To determine the shear velocity structure from arrival time data, we used the tomographic method of Zhao et al. (1992) . This method has the following features: (1) It accommodates discontinuities such as the Moho. A 3-D grid is set up in the model to express the 3-D structure. Velocity perturbations at the grid nodes are the unknown parameters. The velocity perturbation at any point in the model is calculated by linearly interpolating the velocity perturbation at the eight grid nodes surrounding that point. (2) It calculates travel times and ray paths using an efficient 3-D ray-tracing technique (Zhao et al., 1992) . It uses iteratively the pseudobending technique of Um and Thurber (1987) . Station elevations are taken into account in the ray tracing. (3) It uses a LSQR algorithm (Paige and Saunders, 1982 ) with a damping regularization to solve the large and sparse system of equations, inherent in the tomographic problem. The LSQR algorithm has been used by a number of researchers (Nolet, 1985; Spakman and Nolet, 1988; Papazachos and Nolet, 1997) , and is an efficient algorithm to solve problems with large sparse systems. (4) The nonlinear tomographic problem is solved by conducting linear inversions iteratively.
For the shear wave tomography we follow a procedure very similar to the one used for the P wave tomography (Sun and Toksöz, 2006) . We adopt a grid spacing of 1° × 1° in the horizontal direction, and 10 km in depth. We also set grids at the depths of 1 km, 2 km, 5 km and 7 km to sample the sediment layer. We use a starting 1-D model (Figure 2 ) based on the average 1-D P wave model. We put into the starting model the Moho depth obtained from the P wave tomography, which is consistent between the Moho depths in this region by different researchers (Mooney, 1998; Hearn et al., 2004; Sun at el, 2004; Sun and Toksöz, 2006) . In the study area, the Moho depth ranges from 30 km in the east to 78 km. During the tomographic inversion, the Moho geometry is fixed and only the velocities at grid nodes are determined.
The earthquake hypocentral parameters are those determined by P wave tomography. They are kept constant during S wave inversion. We chose the value of 25.0 for the damping parameters to balance between the reduction of 28th Seismic Research Review: Ground-Based Nuclear Explosion Monitoring Technologies travel-time residuals and the smoothness of the 3-D velocity model obtained. The root mean square (RMS) travel-time residual decreased by 35% from 0.98 s to 0.72 s by the inversion. Spatial resolution was evaluated using a checkerboard test (Spakman and Nolet, 1988; Zhao et al., 1992) . 
Results
The 3-D shear wave velocity models are shown in Figures 3-5 . Figure 3 shows the Moho depth map taken from P tomography and used as an input to S wave tomography. On the right are the Sn velocities. Depth slices of shear velocities are shown in Figure 4 . North-south and east-west cross sections of shear velocities are shown in Figure 5 . The lateral variation of S wave velocities exceeds 6% in the study area, indicating the heterogeneities in the crust and upper mantle in this region. Prominent features in the figures are the thick crust under Tibet with low velocity, low Sn velocities in NE China (rift zone) and high Sn velocities under Tibet at 80 km depth.
In the cross sections ( Figure 5 ), there is a prominent low velocity zone in the mid-crust at a depth around 40 km under Tibet. This feature is consistent with other observations of similar velocity decrease and shear wave attenuation increase in the mid-to lower-crust under Tibet. Higher velocities under the Sichuan Basin and under Mount Altay extend into the mantle, as do the lower velocities under the rift system south of the Bohai Bay.
In an earlier study (Sun and Toksöz, 2006) , 3-D P wave velocity models were obtained through a tomographic inversion similar to those used in this study for S waves. It would be informative to compare the results. Figure 5 shows N-S cross sections of P and S wave velocities. There is good correlation between the P and S velocities under Tibet. Lower velocities in the mid-crust appear both in the P and S tomograms. The low velocity zone is more prominent in the S velocities.
28th Seismic Research Review: Ground-Based Nuclear Explosion Monitoring Technologies To extend the velocities into the upper mantle, we use teleseismic travel-time data for P waves and multi-mode surface waves for the shear waves. To minimize the "smearing effect" of crustal structures into the upper mantle, the upper 80 km of the model velocity is constrained by the regional tomography. The regional and teleseismic data from the ISC/EHB database are used for the mantle tomography. The data and tomographic inversion are described by Li et al. (2006) . The S wave velocities are obtained by surface wave tomography (Lebedev et al., 2005) . Figure 6 shows the preliminary results for upper mantle P and S wave velocity variations in southern and western China at a depth of 250 km. The color bars and spatial resolutions are different for P and S velocity variations. Note the extension of high velocities under the Sichuan and Ordos basins to 250 km. The relative variations in S wave velocities are greater than those of the P waves. 
